Recent experiments on multiphoton ionization in intense laser fields have revealed that the photoelectron spectrum consists of a large number of peaks. Under certain pulse duration and laser intensity conditions, the spectrum appears shifted towards lower energies and the interval between two consecutive peaks is not equal to the photon energy. The theoretical explanation based on a classical description of electron-field decoupling previously proposed in this context is reexamined. For moderate laser intensities, an exact analytical solution giving a linear intensity dependence of the shift effect throughout the spectrum is obtained. At very high laser intensities, the problem is solved numerically. In this case, the shift effect is non-linear with respect to intensity and is considerably reduced in comparison with the predictions of the linear model. Quantitative comparisons between the results of these models and experimental data show the models to be satisfactory. The conditions under which the photoelectrons can be strongly accelerated are then investigated. For optimum acceleration, laser pulse durations and intensities are intimately related. Results of numerical computations show that electron energies at the limit of relativistic corrections could be obtained by present-day lasers.
Introduction
In recent years, experiments [l-51 on multiphoton ionization of rare gas atoms using intense laser pulses have revealed that the corresponding electron spectra are composed of a large number of peaks separated (in the case of long laser pulse durations) by the photon energy ho. The energy E, associated with each peak is characterized by the equation E, = ( N + S ) h o -4 (1) where 4 denotes the ionization energy of the atom and where N is the minimum integer number satisfying the condition N h o > 4, and where S is any integer 2 0.
To interpret these experiments, various theoretical approaches have been proposed [6] . It seems now that general agreement exists with the fact that the intense-field multiphoton ionization processes are most easily described by using a description in which the ionized electron remains coupled with the laser field. In this description, the electron final state is not a Coulomb wave function (or, more simply, a free electron state) as usually assumed in low-field multiphoton ionization theories, but a Volkov state eventually perturbated by the Coulomb interaction due to the ion to which the photoelectron was originally bound. This viewpoint, which was also assumed by us two years ago [7] , yields an obvious prediction about the disappearance of some peaks [2-51 in the electron spectrum due to laser intensity.
In fact, a Volkov state is known to present classical aspects [8]: it represents the state of an electron which is moving according to the Lorentz force equation and whose spin is precessing according to the Thomas equation (in the relativistic domain, by the Bargmann-Michel-Telegdi equation). As a consequence, the photoelectron energy Es can also be represented by Es = ( 1 / 2 )~~; + A where vg denotes the drift velocity of the particle and where A = e2d2/4m02 represents the oscillatory energy of the electron in the external field E . It then follows from eqs. (1) and (2) that the order S of a given peak is submitted to the condition
This "selection rule", proposed by several authors [2, 61, has been experimentally corroborated with a high degree of precision, thus pleading for the "Volkov final state" -description.
Now, when describing the photoelectron state by a Volkov state we are inevitably faced with the question of decoupling the laser-electron interaction [8] . This basic problem is often skipped by assuming the electromagnetic field to be adiabatically switched off, so that the energy of the particle measured by the detector remains unaltered under the laserelectron decoupling. In this framework the photoelectron energy is simply given by eq. (l), provided the rule (3) is satisfied. Now, it has been recently shown [9-111 that, in the case of short laser pulse durations the photoelectron energies explicitly depend both on laser intensity and pulse length inasmuch as an increase in intensity causes the spectrum to shift towards lower energies while the interval between two consecutive peaks is no longer equal to the photon energy. In other words, the adiabatic decoupling assumption appeared to be unverified.
Specific effects of non-adiabatic decoupling that have been recently investigated both experimentally [9-111 and theoretically [ll-131 are reexamined in detail here. We will particularly focus on the role of the laser intensity on the shift effect. We shall then show that the electron spectrum can evenly be shifted towards higher energies, in agreement with a recent experimental investigation [ 141. Finally, we shall examine the conditions under which this effect may serve as a tool for obtaining high-density energetic electron beams. For the above-mentioned reasons, this study will be advantageously performed within the framework of classical electrodynamics.
Description of the decoupling problem
Let us consider an electron created by an ionization process involving a linearly polarized laser field of the form
where the amplitude of the field do(r, t ) contains a slow time Physica Scripta 4 2 dependence related to the finite duration of the laser pulse. As is well known, the velocity of the photoelectron is, to a first approximation, directed along the direction of field polarization E. Its total kinetic energy Eln inside the field is thus simply given by Einstein's (generalized) equation:
As mentioned above, the behaviour of a free electron in the external field of a plane electromagnetic wave may be described to an excellent approximation by the classical equations of motion. We may thus identify the electron energy averaged over one period:
El" = ((1/2>m(vo + fJosc)2)dy = Eo + A (6) where E, = (1/2)mvi is the drift kinetic energy and vosc = (e/mo)EE, (v, t ) sin o t is the oscillatory velocity.
The quantity actually measured is the energy E,,, of the electron out of the laser field; it is obviously given by the equation:
where (v, t ) thus represents the effect of decoupling the particle from the external field.
In order to calculate the term between the brackets of eq. (7) we use a well-known method due to Kapitza in which the problem is described on a double-time scale [7, 151 . The time dependence of the electron coordinate and velocity is assumed to be split into a high-frequency (h) time scale and a low-frequency (1) time scale so that
and v , ( t ) = (~( t ) ) , , . In the same way (v, t ) cos ut is the high-frequency force describing the electron linear response to the external field, and V6i(vI, t ) is the familiar ponderomotive intensity gradient force [ 161. The second term on the right-hand side of eq. (7) then reads:
where and
Finally, eq. (9) can be written as:
Therefore, the essential problem consists of calculating the contribution of the term E. In the following analysis [17], we show that it is possible to find a physical regime in which this term can be calculated analytically.
Linear regime
In order to represent the situation generally encountered in the above-mentioned experiments, we represent the laser field amplitude by a Gaussian function of the coordinate Y perpendicular to the z propagation axis. Such an analytical solution of Maxwell's equations is well known [ 181 for the case of a beam of infinite duration. In order to take into account the finite lapse of time of the light pulse, we describe the slow time dependence in the form exp (-yltl) with y 4 0. This amounts, in fact, to adding a small imaginary part to the laser frequency: o + o + iy. Introduction of this slow-time dependence necessarily modifies the analytical expression for the Gaussian beam. The modification simply consists of adding a small imaginary part to the wave vector: k + k + iy/c. Hence, the analytical expression for such a pulse can be written in the following form
where we have put b,,, = €oe'l''n',
In eq.
( 1 3), 51, denotes the radius of the laser focal spot at the z = 0 abscissa and zo = k51: is the confocal parameter.
Going back to expression (1 I ) it is obvious that in order to calculate Z, we have to know the value of the velocity v1 at each moment of time, that is, to solve the (nonlinear) equation
However, an analytical expression for E taking eq. (13) into account can be derived for the "linear regime" defined hereafter. We neglect in eq. (1 1 ) the time variation of vl, that is, we replace the velocity vl in eq. (1 1) by the initial velocity v,. This approximation (linearization) is valid when the energy change E,,, -E,, is small in comparison with the initial kinetic energy E, = E,, -A. This defines the following condition 1 s -AI/& < 1 (15) Now, as mentioned above, the initial photoelectron velocity vo is essentially directed [ 191 along E. Therefore, the contribution to E of the ponderomotive intensity gradient force is only due to the "radial" gradient V, perpendicular to the direction of propagation of the laser wave, whereas the "longitudinal" gradient VT does not play any role in the energy change of the particle. If condition (1 5) is satisfied, E can be calculated without any difficulty. We assume now that the electron is created at t,, = 0 at the point Y = Yo. Then & , , , = &, and expression (1 7) becomes: where I).' is expressed in W cm-2 pm' and A, in eV. After a straightforward calculation we find
where 
is the ratio between the radius (no of the focal spot at the z abscissa and the distance v 0 t travelled by the particle during the pulse duration. In order to get an easy insight into the result expressed by eq. (22) we now assume that the electron is created at the centre of the focal spot (yo = 0) and at the best focus ( z = 0).
Then p = Po and Q = Bo where
with Q, in pm, t in seconds and E, in eV, and [20] Bo = which is plotted in Fig. I . 
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Following Kibble [12] , it is useful to examine the two particular physical situations:
I . Case of a laser beam ( T + CO)
This corresponds also to a situation where high-energy photoelectrons are created. In this case, Bo -+ 0 and thus Qo -+ 0. Equation (22) This corresponds also to a situation where low-energy photoelectrons are created. In this case 8, -+ -1 and eq. (22) yields
Hence, the electron peak is shifted towards lower energies by an amount equal to the quiver energy of the particle in the laser wave. The physical explanation of this shift is now obvious: as the pulse is ultra-short, the intensity gradient experienced by the electron is essentially directed along the propagation axis of the light wave. The work done by the ponderomotive intensity gradient force is therefore zero, so that the particle loses its quiver energy A, without compensation. Thus, the pulse duration effects, in fact, lead to variations in the angle between the electron's velocity and the ponderomotive force. The shifts observed in the experiments are thus strongly dependent on the angular distribution of the photoelectrons.
Hitherto, the only question raised were related to the shifts in energy of electron peaks. However, such shifts can also result in a broadening of the spectrum due to the spatial distribution of the photoelectrons at the focal spot. In fact, electrons created in the vicinity of the focal spot would be more rapidly decoupled from the field that those created at the centre of the focal spot. Now, as the multiphoton ionization probability per unit time is a highly non-linear function of the laser intensity, a maximum number of electrons is initially situated near the centre of the focal spot. Therefore, the shift of a given peak is mainly due to electrons created near the point Y = 0 as discussed above, but its shape will depend on the initial spatial distribution of the particles.
If we assume that the probability associated with the ( S + I ) I h peak varies (in the case of moderate intensities) as I"', an electron population characterized by the initial energy
will be represented at the detector by the function:
(28) where
The function &' (E,,,) has been calculated numerically taking eqs. (17)- (21) It is therefore quite easy to use our results experimentally. Knowing the laser intensity I, the value of A, can be deduced from eq. (17'). The first peak of the spectrum obeying condition (3) allows us to deduce the corresponding value of S and thus the energy E,, given by eq. (27). If the pulse duration z and the radius R, of the focal spot are known, the value of Bo can be obtained from eq. (23) It is emphasized that electron spectra shifts occur not only in multiphoton ionization but also in high-intensity photoionization. Consider for example, the case of the photoionization of cesium (& = 3.89eV) by a laser of wavelength A = 0.248ym (Aw = 5eV), with a pulse duration z = 5 x s. The well-known theory of photoionization [19] shows that the probability per unit time varies linearly with intensity. The corresponding experimentally measured [2 11 crosssection acs is of the order of 4 x cm2. The value of the is Z, -4 x lOI3 Wcm-*. These data are compatible with the performances of present-day lasers. Hence, by virtue of the above discussion, we deduce A, = 0.23eV, E,, = ho -C#I = 1.1 1 eV, E, = E,, -A, = 0.88 eV. If R, is of the order of 30pm, then Po -IO2, so that 8, = -1. Therefore the energy peak E,, = 1.11 is shifted towards lower energies by -A,; it is thus situated at E,,,, = 0.88 eV.
Non-linear regime
In the preceding section, an analytical solution has been derived by assuming that the maximum energy variation is small in comparison with the drift kinetic energy E,. We have seen that the intensity dependence of the energy shift is linear and that its maximum value is -A,. Condition (15) for the validity of the linearization method can be simply written in the form
However, if the laser intensity is such that the above condition is not satisfied, it is important to know what shift values occur in this "high-intensity'' regime.
At high intensity it is no longer valid in eq. (1 1) to replace the velocity v, by the initial velocity 0,. No alternative therefore exists other than solving the non-linear equation (14).
If we restrict ourselves to the case of an electron created near the point r = 0, eq. (14) can be written dV/dT = a2R eCzR2 eczT (30) where 
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Arguing by analogy with the linear regime case, we seek an expression for the energy shift of the following form: Eout = E i n + Qo(Ao)Ao (32) where now 8, is an intensity-dependent function. Since at T = cc the electromagnetic field is zero, we have obviously
Taking the following relation into account equation (32) leads to Equations (30), (34) and (35) In the linear-regime case characterized by condition (29) or, equivalently, by
.' p; < 1 (36) we again find Bo to be independent of the intensity through the parameter c( (cf . Fig. 5) ; the curve €l,(p,) (cf. Fig. 4a) obtained via numerical computations coincides with the curve (cf. Fig. 1 ) representing the analytical function (24).
In contrast, the results corresponding to the typical nonlinear case characterized by the following condition ci'pi 9 1 (36') differ considerably from those of the linear regime case, the shifts being much weaker than for the linear regime.
The physical interpretation of this effect can be easily understood. In the linear regime, the energy shift depends essentially on the initial speed oo of the particle via the parameter Po. In the non-linear regime, the electron velocity ol is continuously modified by the acceleration due to the ponderomotive force Fl and greatly differs from the initial velocity oo. In the limit of very high intensities, ol tends towards the amplitude o,,, of the quiver velocity. It follows that the characteristic parameter of the non-linear regime is no longer Bo = il,/v,z but:
Ro/v,,,z rr a -I . Now, this parameter is generally much smaller than the ''linear'' parameter Po. In other words, because of the acceleration the particle is more rapidly decoupled from the laser field; the electron spectrum is consequently relatively less shifted.
It is interesting to note that the non-linear effect has been experimentally observed [4] in the multiphoton ionization of He (&,e = 24.58eV) by a Neodymium -YAG -laser of wavelength 2. = 1.064ym (hw = 1.165eV). The intensity employed was about 6 x IOl4 Wcm-', the radius R, of the focal spot was estimated to be about 25ym; the pulse duration z was 5 x 10-"s.
Under these conditions, N = 22 and A, = 63.31 eV. By virtue of condition (3) the first visible peak is characterized by S = 54. We therefore have E,, = ( N + S)hw -4 = 63.96eV and Eo = E,, -A, = 0.65eV.
Use of the linear theory gives Po = 1.05 and the curve shown in Fig. 1 gives e, ( 1) 
Acceleration regime
In the preceding section we assumed that the photoelectron was created at time t,, = 0 when the field amplitude was maximum (So = S,,,). The energy loss term -A was then maximum. Correspondingly, the value of the energy gain term E was generally lower than A and was equal to A in the adiabatic case (pulse of long duration) where the particle is decoupled before the laser intensity has decreased. Thus we generally had E,,, < E,,, that is the photoelectron energy spectrum was generally shifted towards lower energies.
An interesting situation occurs in the opposite case where ionization occurs at the beginning of the laser pulse. This situation is relevant to the case where the maximum laser intensity Z , , , is much greater than the "saturation intensity" Z, associated with the ionization process of the atom (I, is the value of the intensity for which the ionization probability is unity), which has been well established experimentally. In this case, the energy loss term given by (10) is then exceedingly small and may be neglected in a first approximation. On the other hand, the energy gain term E can reach its maximum value (37) zmdX = e2€lfid,/4mw2 when the photoelectron leaves the interaction zone at Z = I,,, . In this case the particle is strongly accelerated. This is the situation we now consider.
In fact, the "ionization time" t, can be easily determined: it approximately corresponds to the moment when the laser intensity reaches the saturation intensity, i.e., -Z ( t , ) = z, .
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In contrast, the "decoupling time" tout cannot be determined apriori. As shown in the preceding section, the average electron velocity vl is continuously modified by acceleration due to the ponderomotive force F, and considerably differs from the initial average velocity vo. Hence, as before, linearization methods appear to be impossible and eq. (14) needs to be solved numerically.
As before, we choose a Gaussian form for the normalized field amplitude
and the (guiding centre) motion equation writes
where
with Obviously, the quiver energy of the photoelectron at time ti when d = b, and I = I,, is the quantity As = e2d2/4m02 = 9.32 x 10-14Z,A2 (with As in eV, I, in Wcm-2 and I. in pm). Furthermore,
Now, as the present formalism is non-relativistic, the maximum intensity I,,, cannot be greater than the value corresponding to a quiver energy Amax at the limit of validity of non-relativistic electrodynamics. We assume this limit to be A,,,/mc2 = lo-', that is, A, , , = 5.1 x lo4 eV, or I,,, N 5.5 x I O l 7 X 2 Wcm-* (with A in pm).
Specifically, let us consider the case of a Xenon atom (& = 12.127 eV) ionized by a laser pulse whose wavelength is A = 1.064pm (Am = 1.165 eV) with a maximum intensity I,,, = 4.8 x 10'' Wcm-2. The corresponding experimentally determined [5] saturation intensity I, is 1.2 x lOI3 W cmP2 (for pulse durations of the order of a few picoseconds), so that A, = 1.27 eV. In consequence, we obtain from eq. (42):
T, = -5.3. Furthermore, eq. (1) and condition (3) are satisfied for N = 11 and S = 1, in which case eqs. (5) Equations (39) have been solved numerically by taking these values into account and imposing the initial conditions: when T = TI = -5.3, R = 0, V = V,, and a* = 8.5 x IO4 Vi. The standard 4th order Runge-Kutta method was used because of its stability. We have thus obtained the value Vf (at T = CO) as a function of the parameter Vo given by (41).
The relevant numerical results are summarized on Fig. 6 . We may observe that the maximum value (175) of the ratio Vf/Vo is reached for Vo = 1.41 x Thus, the electron final kinetic energy is Er = (V,/V,)*E, = 1.84 x lo4 eV, which corresponding to 36% of A,,,.
This shows that it is theoretically possible to convert a large fraction of the quiver energy of a photoelectron in the field of an intense laser pulse into kinetic energy provided certain experimental conditions are fulfilled.
Hence, for the specific case considered here, the optimum condition V, = 1.41 x owing to (41) and (43), gives z/Ro = 4.33 x lo-"scm-'.
Therefore, for a focal spot, the radius of which is typically of the order of 20 pm, the pulse duration z should be 0.9 ps. It is interesting to note that such characteristics are within the possibilities of present-day lasers [22] .
Conclusion
The idea of using laser radiation pressure to accelerate electrons occurred as soon as high laser fluxes become available and the problem of electron acceleration by the ponderomotive intensity-gradient force [12, 23, 241 is not a new one, indeed. The novelty of the method proposed in Section 5 consists in using both multiphoton ionization of neutral atoms to create electrons at the auspicious moment of time, and the conjugate role played by laser intensity and pulse duration. Hence, some part of the maximum quiver energy of the photoelectrons can effectively be converted into kinetic energy. Because of strong electron acceleration in very intense laser pulses, we may expect space charge effects not to play a sensible part, even in the case of a high density of atoms. Hence, if theory corresponds to facts, this method could be a mean for obtaining high-density energetic electron beams in limited regions of space.
